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One-to-one coupling of glacial climate variability in
Greenland and Antarctica
EPICA Community Members*
Precise knowledge of the phase relationship between climate
changes in the two hemispheres is a key for understanding the
Earth’s climate dynamics. For the last glacial period, ice core stud-
ies1,2 have revealed strong coupling of the largest millennial-scale
warm events in Antarctica with the longest Dansgaard–Oeschger
events in Greenland3–5 through the Atlantic meridional over-
turning circulation6–8. It has been unclear, however, whether the
shorter Dansgaard–Oeschger events have counterparts in the
shorter and less prominent Antarctic temperature variations,
and whether these events are linked by the same mechanism.
Here we present a glacial climate record derived from an ice core
from Dronning Maud Land, Antarctica, which represents South
Atlantic climate at a resolution comparable with the Greenland ice
core records. Aftermethane synchronization with an ice core from
North Greenland9, the oxygen isotope record from the Dronning
Maud Land ice core shows a one-to-one coupling between all
Antarctic warm events and Greenland Dansgaard–Oeschger
events by the bipolar seesaw6. The amplitude of the Antarctic
warm events is found to be linearly dependent on the duration
of the concurrent stadial in the North, suggesting that they all
result from a similar reduction in the meridional overturning
circulation.
The glacial climate in the North Atlantic region is characterized by
rapid shifts from cold stadial to warmer interstadial conditions3,4,9.
Greenland temperatures during these Dansgaard–Oeschger (D–O)
events rise by 8–16 uC (refs 10, 11) within a few decades followed by a
less rapid temperature decline back to stadial conditions. In contrast,
glacial climate in the circum-Antarctic region exhibits slower millen-
nial changes with smaller temperature amplitudes of only 1–3 uC
(refs 1, 12, 13). After synchronization of Greenland and Antarctic
ice core records1,2 using the global atmospheric change in CH4 con-
centrations, a conspicuous phase relationship between the largest
Antarctic warmings (A1–A7; ref. 1) and the longest D–O events
was observed with the south warming during the stadial conditions
in the north, and starting to cool as soon as the D–O warming set in.
This bipolar seesaw pattern was explained by changes in the heat and
freshwater flux connected to the Atlantic Meridional Overturning
Circulation (MOC), where a stronger MOC leads to increased drain-
age of heat from the Southern Ocean heat reservoir6,7.
In principle, an interhemispheric climate coupling by the bipolar
seesaw should also apply for all the short D–O events. However, to
what extent this concept is also able to explain the higher-frequency
climate variability in Antarctic ice cores remained unclear (as dis-
cussed for example, in ref. 14 and references therein). Here we report
*A full list of authors and their affiliations appears at the end of the paper.
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Figure 1 | Antarctic stable isotope records show
synchronous millennial variations during the
last glacial, whereas rapid variations are
encountered in Greenland. a, EDML d18O record
(purple, 0.5-m resolution; grey, 15-m running
mean) after sea level and upstream correction
(see Supplementary Information) over the past
150 kyr. The record shows features similar to
those of the EDC12 (blue) and the Dome F13
(pink) isotope records but with more fine
structure during MIS3 and MIS4. We note that
EDML and EDC are plotted on the new common
EDC3 timescale (see Supplementary
Information) while Dome F is plotted on its
individual timescale. The temperature axis on the
right side indicates approximate surface
temperatures at EDML as derived from the
spatial d18O/temperature gradient (see
Supplementary Information). b, d18O record of
the NGRIP ice core (grey)9. c, Mineral dust
records of the EDML (red) and EDC12 (pink) ice
cores at 1,000-yr resolution; these dust records
were used for synchronization of the cores.
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on the climate record over the last glacial cycle from a new ice core
drilled within the European Project for Ice Coring in Antarctica
(EPICA) in the interior of Dronning Maud Land, hence denoted
EDML, at 75u S, 0u E, 2,892m.a.s.l. (metres above sea level), with a
recent accumulation rate of 6.4 cm water equivalent (w.e.) per
year15. This site was chosen to complement the long EPICA Dome
C (EDC, 75u S, 123u E, 3,233m.a.s.l., 2.5 cmw.e. yr21) record12,
because EDML is the first deep ice core in the Atlantic sector of the
Southern Ocean region16 and thus located near the southern end of
the bipolar seesaw. The snow accumulation at EDML is two to three
times higher than at other deep drilling sites on the East Antarctic
plateau, so higher-resolution atmosphere and climate records can be
obtained for the last glacial period, making the EDML core especially
suitable for studying decadal-to-millennial climate variations in
Antarctica.
In Fig. 1 the EDML d18O record as proxy for local temperature on
the ice sheet is shown in 0.5-m resolution (equivalent to 15–30 yr
during the marine isotope stage MIS3 and 100–150 yr during MIS5)
after correction for upstream and glacial–interglacial ice sheet alti-
tude effects (see Supplementary Information). The overall pattern
closely resembles that recorded inmost Antarctic ice cores previously
covering this time period12,13,17. Also, very similar dust profiles (Fig. 1)
are encountered at EDML and EDC, related to parallel changes in
climate conditions in the Patagonian dust source region common to
both cores18. Despite the high correlation of the EDML d18O and
the EDC dD record over the last 150,000 yr (r25 0.94 for 250-yr
averages) some distinct differences exist. In the penultimate warm
period (MIS5.5) the EDML d18O record indicates temperatures
about 4–5 uC higher than those of the Holocene, in line with other
ice cores from the East Antarctic plateau12,13,17. However, d18O at
EDML exhibits persistently higher d18O values over the entire dura-
tion of MIS5.5 while other ice cores on the East Antarctic plateau
show a substantial drop after an initial climate optimum12,13.We note
that this difference is not due to the altitude corrections applied to the
EDML d18O record (see Supplementary Information), because a
similar temporal evolution during MIS5.5 is also seen in the uncor-
rected data. Instead, a smaller cooling at EDML in the course of
MIS5.5 compared to EDC and Dome Fuji is consistent with marine
sediment records from the Atlantic sector of the Southern Ocean
revealing persistently warmer summer sea surface temperatures
and a reduced winter sea ice cover throughout MIS5.5 (ref. 19).
This suggests that there were regional differences in temperature
and sea ice evolution during this period for the Atlantic and Indian
Ocean sector.
Themost outstanding feature of the high-resolution EDML record
is the pronounced millennial variability during the glacial. As indi-
cated by the dashed lines in Fig. 1 each of the warming episodes in
Antarctica can be related to a corresponding D–O event, but only
synchronization of the age scales allows us to assign them unambigu-
ously and to pinpoint the phase relationship between climate changes
in Greenland and Antarctica. To do this, the EDML core has been
synchronized (see Supplementary Information) to the layer counted
NGRIP ice core20,21 over MIS3, using high-resolution CH4 profiles
over the last 55 kyr from the NGRIP, GRIP and GISP2 ice cores1,11.
The synchronized d18O records are shown in Fig. 2. Also plotted is
the CH4 synchronized d
18O record from the Byrd ice core1 and new
high-resolution dD data from EDC22 which closely resemble the
temperature variability found at EDML during MIS3 and support
an Antarctic-wide interpretation of these fluctuations. The higher
glacial snow accumulation at EDML (,3 cmw.e. yr21) compared
to that at EDC, Dome Fuji or Vostok (,1.4 cmw.e. yr21) implies a
CH4 synchronization two to three times better than at those sites.
The synchronization uncertainty for MIS3 ranges from 400 to 800 yr
for all events in the EDML record, making the synchronization error
for EDML always much smaller than the duration of the events
themselves.
This is important, because this allows an unequivocal one-to-one
assignment not only of the well-known large warm events in
Antarctica (A1, A2 and so on) but of each single isotope maximum
indicated in Fig. 2 with a corresponding D–O event in the north.
Although the exact timing of the temperature maxima relative to the
stadial/interstadial transitions cannot be discerned more precisely
than the synchronization error, it is evident that each Antarctic
warming starts significantly before the respective D–O event. In addi-
tion, a synchronization of the stable water isotope records of the
GRIP and EDC ice cores using the 10Be production anomaly around
41,000 yr BP, which constrains the in-phase relationship of the onset
of D–O 10 and the respective Antarctic dDmaximum to better than
200 yr (ref. 23), supports our CH4 match. Accordingly, we suggest a
new Antarctic Isotope Maximum (AIM) nomenclature in Fig. 2
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Figure 2 | Methane synchronization of the
EDML and the NGRIP records reveals a one-to-
one assignment of each Antarctic warming with
a corresponding stadial in Greenland. Displayed
are 100-yr averages during MIS3 in the EDML,
EDC26 and Byrd1 ice core for the time interval
10–60 kyr BP in comparisonwith theNGRIP d18O
record fromNorthernGreenland9. All records are
CH4 synchronized and given on the new GICC05
age scale for the NGRIP ice core, which has been
derived by counting annual layers down to 41 kyr
and by a flowmodel for older ages9,21. Yellow bars
indicate the Greenland stadial periods that we
relate to respective Antarctic temperature
increases. The approximate timing of Heinrich
layers in North Atlantic sediments is indicated as
well27. The y axis on the right side indicates
approximate temperature changes at EDML
based on the modern spatial gradient between
d18O and temperature.
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which reflects the connection of southern warming to reduced
oceanic heat transport into the North Atlantic during stadials. The
timing and duration of the AIMs relative to D–O events is also
indirectly supported by the comparison of changes in deep-water
masses linked to Antarctic Bottom Water formation and Atlantic
surface water changes, as archived in sediment records offshore of
Portugal24.
Most striking is the varying amplitude of the AIMs, which is lin-
early dependent on the duration of stadials in the north, as shown in
Fig. 3. The only significant deviation from this linear relationship
during MIS3 is AIM4, in which the error in the stadial duration
estimate is quite large. We conclude that the duration of a reduced
MOC—and, hence, the duration of the warming period in the
Southern Ocean—determines the amount of heat accumulated in
the Southern Ocean heat reservoir, strongly supporting the general
applicability of the thermal bipolar seesaw6 concept within the range
of stadial events encountered during MIS3. We note that for longer
cessations of the MOC a new equilibrium temperature in the
Southern Ocean would be reached and the warming would even-
tually have to cease. This linear relationship also implies that the
Antarctic warming rate—and thus the heat flux from the Southern
Ocean to theAtlantic—is similar for all warming events duringMIS3.
If we assume the same spatial configuration of the overturning cell for
cold intervals in MIS3, this would suggest that the strength of the
MOC is approximately constant for all stadials, challenging the
notion of different overturning rates25 for stadials in which massive
iceberg discharges into the North Atlantic (the so-called Heinrich
events in Fig. 2: H1–H5) occurred compared to stadials without
Heinrich events. Note however, that the stadials before D–O 8 and
D–O12 in which Heinrich events occurred were the longest and the
related Antarctic warmings the largest. This may be due to the longer
time needed to mix away the large freshwater anomalies during
Heinrich events. There is, however, a less clear relationship for other
Heinrich events. Comparison of the millennial climate variability
during MIS3 at EDML and EDC shows no significant difference in
the amplitude of the isotopic change in the Atlantic and IndianOcean
sectors of the Southern Ocean. This implies a uniform ocean heat
reservoir controlling temperature changes at both sites and reflects
the rapid mixing of the Southern Ocean by the Antarctic
Circumpolar Current.
In the EDML d18O record a major warm event (AIM2, connected
to D–O2) is seen during the Last Glacial Maximum, which cannot be
clearly identified in the EDC core but is present in the Dome F record
(Fig. 1). AIM2 also shows a decrease in high-resolution mineral dust
concentrations at EDC, as do all the other AIMs26. We therefore
conclude that AIM2 is a warm event comparable to the other AIMs
inMIS3 but is not sufficiently resolved in the EDC record owing to its
lower accumulation. The corresponding D–O2 event in the North
Atlantic is preceded by the longest cold period in the NGRIP record
(Fig. 2) and accordingly, a higher temperature amplitude of AIM2 is
to be expected if the same bipolar seesaw concept holds as for D–O
events during MIS3. However, sea level and temperature conditions
were significantly different during the Last Glacial Maximum, poten-
tially affecting the spatial configuration and strength of the overturn-
ing cell in the North Atlantic. The fact that AIM2 is only 2,000 yr long
suggests that the strength of the MOC was not significantly reduced
for the entire cold period in the North, but collapsed only about
1,000 yr before D–O 2, which would be in line with significant iceberg
discharge depositing ice-rafted debris in the North Atlantic during
H2 (ref. 27).
In summary, a strong interhemispheric coupling of all bipolar
climate variations during MIS3 via the MOC is supported by the
new high-resolution d18O record from EDML indicating that
Antarctic warming rates and potentially also overturning rates have
been similar for all events in MIS3. The question of what triggers the
switch from stadial to interstadial conditions remains. Transitions in
the strength of the MOC and its effect on the Atlantic Southern
Ocean heat exchange are simulated in response to changes in the
North Atlantic freshwater balance7,8; however, the origin of such
variations in freshwater input are still not ascertained for all indi-
vidual D–O events. In addition, large iceberg discharge from the
Laurentide ice sheet does not systematically coincide with either
the onset or the end of stadials27,28. Recently, the potential role of a
change in Southern Ocean sea-ice cover for reinstalling a stronger
MOC has been identified for the onset of the Bølling/Allerød warm-
ing29,30. The intrinsic feedback of a reduced sea-ice cover in the
Southern Ocean during AIMs, followed by a delayed onset of deep-
water formation in the North, could potentially explain the interhe-
mispheric climate coupling seen in our records during MIS3.
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